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1. 3. 1 RRBGSFHFOLEE L HK

IRk B o RE T RERBFEHETHLDLI I ENEEL V.
FriZ, Ce &2 Ca TEHRIREMBEHZHET 25 B51T 02 L
MDRETHSH. Mg TERRKAALEBOS A ICEFHILHEMEK TH
HMEMETHLIND, TOHE, EUrA—AREELLT V.
/o, BREABEBMRL CEERRESROE LICX DR, T
bhbbh—R O R ARELELLT V.

P81 Fe-C-Si A& T DH. RKREBEMBHICIERFT I RE
EF W FEIE, —MIZ 3.5~3.9mass%, 1.8~2.8mass% T » 5 9.
Bk o Rk o H 21X 5 > Dot FE(C, Si, Mn, P, S)D R
KEL, ZO0H THLCESIioEENHEEZETHD. 2ok
Mk EWmHAEEZBET 22 0L o TS OMBSRES
5 V. Table 1-1 (2 BRAR B8 85 8k O W 2L F Mk 2 = F .
ZOfFHME T CEME 4.3% BN MM ITR > TWDH. KA H
Mo C, SiEAEIREELIVKS, ARG ITX L TiEE<
mALMEMIZH D .

Table 1-1 Standard chemical composition of ductile cast iron!)

(mass%)
C Si Mn P S Mg CE
3.5 2.5 0.4 <0.05 <0.02 >0.04 4.3

CE=C%+ 1/3(Si% + P%)=4.3
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MR T, Mg B 2RI L 72k, BN EkR SN b
N, EUVR—=—NVDORENZLLI DT .

Sigxs#maEs &, BéhorfngmL, ks
mAMEm NS L. E  EMMEBEO T =T 4 MerRET D .

Mn Tk ik O RIEW O L ENRIIHEET L5, TDOLO, i
BMLT7 =74 MeZRETZHEICE Mn & =0.2%I2F %
CEBEBMTHLDL . FT, =T A4 PEBEBEINSE D ICE
0.4%LL FE oW mnELEE L.

P IZARHERRILEZB T L2 0RTClTR0R, aAENZ R
HEWH L THWARAT XA FE, Vb ek, X2 %14 b3
My B LT 2. 20D POERREIXITE ST
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o ERT T VE Fig.l-1 (227 D (a)id # 5 & H A7
W b E M LR B 2R (b)d B BEE B MG L &
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NP A MHOESZHAET 2L, F— XA MF A MHEOE S X
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Grapihte
/

Austenite

(a) (b) (c) (d)

Fig.1-1 Eutectic solidification model of cast iron.
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T 5. 22T, Figl-3 D X O RKRETOHERD 2ODKINRK B
MBS aoMPIckFTFo2RETCEXL CHD. B as BHAMOD
RETRXNLVFX—% 6ap T D&, ¥ rOBMHORmAMH
AN F —=G)E, ¥ErOBEBTERTERDIICRD.

G(r)=4 7 r*dap 1-1

Temperature
—
Fey
=
>
5
-
/"’\
=

a+P

Consentration

Fig.1-2 A and B binary-component phase diagram. 2%
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PRBER K (r=c0), T bbb METSH. 250D BHDM
DRI AL —AGHIFXRDOKXTERINLTW D 2D,

AG(r)=206 opVmlr 1-2

2TVl BHOEALKBETHDL., LN T, r B RE
K 7ppe, BMERABZRXALX—FTWAL T L LICRD. T2
bbb, r3REL p R xLF—0FE X< Y,
REPRFEWIZRDE r=0ThHbV, REZXALF —0%F LI
Puolckh b.

Fig.1-3 Bigger different for phase P exits in phase a??).

Fig.1-2 DR TIX,2 >0 BB O XX —3E 6T,
e o r oK ELT, (I-2)XTHRTERHEEKDL. 2T,
INERERICHERTEHEEBBESRELS, 2007 T @ E = x L
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EPEREERRCEE)R G A X2 XTA-3)X D X 5 I K
T5. T2 T rOHEMIEIam ThD. C:EH(nm)=1

X: /X =1+C/r 1-3

o> T, r=10nm TIT, X/ X = 110220, WMBEITH 10%
MRKTHZERN MDD, ZhALOMFERE - AR 3L F
— MM T Fig.l-4 27" d. 2 TCEHBELZEZEZ252-DI1C S H%
EAH, LEMZ®EME T 5. BHO¥EREEZ rb3 58, 200
MOBHZRX AL —HBBEMEBMOBHT X LX - ERbDD

RAETNENOEMOBMATHY, MEFBORMAITERRDL. Z
DAGCDOZEx T JE@RMMICEANT L L Fig.l-5 B3 (b 5.
TOX O, MO KETES(ZZITIE BHOES 2T ER)
WIREKICEEST D 2 LR850 5. Mk Rg T ke E KX
e Thy, EEICEBIAIET T L2201, 6 IC@BmN L
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AT

Fig.1-4 Relationship between Gibbs free energy and temperature
of liquid and solid phases. 2!

a + B

A B

Fig.1-5 Effect of size of solid phase on eutectic phase diagram. 2"
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1. 3. 2 BnFS OB H L H

RN Bk ol ic kB W CEERE G LB T, BH ok
WAL & L TH 5. B oKL E T Fe-Si-Mg &
4 X Fe-Si-Mg-Ca-Re A4 R EOERWIALA 2 W EH P IC@mmL
THBEEEBRE TRAFZLZRRBH L L THEHBIELZ T X
Thd. B OHKARIZIFTEHR Y, I+ &2 & - T Table
1-20 X5l EFEDHTWD 2D, ZonETIE, RREH
DERBBEIOBMMOF — T F A4 P EHRLE A X
A PO EDETOMBEAEBER,OKICXD LT D,
@MEICIVERET 2LV HERRLEICKR SN TWD
iR I BCA—AT A4 PR EHEL, BE O ELT
DAV R TIRIR M MR ISR o T &l 2 g~ & K
M EALdT 5. Zom L3t iy ek ok &M » S R
B AEESHE TS Lo T, BRORES O A KT I
wEEEMDT, E<FEALILEMETHLI EEZ XA TS, L
L, WHEEAEARICETIHFEFICREVWVEEALETHY, B
TENROARAHEEME LR VBELIRN A — AT T4 T ERHO
REEEICIE 2 H 72w, L9 2% One Way Nucleation @ [
THHY, FFIZIX Fe-C KR T HE M %, AL-Si £ TIX Si & %17
FBEE WS Z kb BHDH 232,

BROIR L 60 B 8k o A B AL R T, BRI B AL ER & R RR (T 2 R A
HAFEFICHEETH H. EKREHMBFEHIT Fig.1-1 THH L L
FIO2LCBRBEL—RATTAMRE DT, FIREHHSIC
kgL TFrfbEmBn REn. 2oltd, BHZesH RIS

HHEMBEREII T ALEMEICX L TR THEDTHY, HLER
TrtwvAEEBZOLND. —RICEEALE L THWDL LD Fe-
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Si & & (715% F 721X 50%)X° W vy H v a vkl
0.2~04%mMa N TWdH. #mHEOMRT L L T, Biphsx
Mg LRI, MiERBICBIT S 7 =274 M0 %2 REE
SELH. F, HEOMHREIFME L BICRBT (7 = —TF
4N, BEEETE AL TESSOLICEG T 522 N
FlLWnEaanTws.

Table 1-2 Graphite spherification mechanism being advocated 2%,

No. G BRE SR 93
. A. Wittomoser 1950 EMPMENEZRESE L A —
1 ?%@?7{;&1 A. De Sy 1953 AT FA MZEEN, COHHE,
E. Piwowarsky 1950 E.
, | #—=73A b4 | H. Morrough 1947 —EBSEEL, TOh— A
A W. Williams 1947 hASSAEL TREnZATH
) Mgl L CEHNFER LEBAT
3 | memn A Wittomoser | 19511 25 man,  can i i RR
R. Mehl 1950 S
ZED
4 | REZFNV F. Buttner etc 1951 Mg CIEEDORE T RNV F¥F—
X—i k@ 1978 RKERDBZ ENBEHRE
s BEMEC, SfTanA FRE
6 | BEF F. Furrum 1952 A RERE |-
7 | s M. Hillert .etc 1954 BRI B D IRFEERALIZ X o ThHk
R L. Qifu 1993 =
S. Karsay 1964 MgDBATIENEIZRELBET
8 | Xig#H i, JIIF i 1983 NERIZE > THRE, F DI,
REE, fib 1995 LI~
A. De Sy 1950
A. Rosenstiel .etc | 1964 SEERICESH#EBRNOER
M. Jacobs 1974 I & % FEHIThx DEZHEMg-
9 | R L. Lvaknenko 1979 Sifb 8%, A RNVEEOHE,
Bl 4l 1976 Crichfb &%), BR{b% - Hifk#)ahs
WL ft 1985 BEINTEE.
L. Qifu 1993
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BeasRfbicEx <o ndo 23, L3 L LK — &M
Bon T2y, LarL, TEMHIZIE, Mg, CeX Ca iR
mA—giciTbnTEY, ZhbikRbxFRIiCE DM, B
CERRILT2EE2OND. ZTOMMPMWE LT, &HE Fe-
CH4 L Fe-C-Sia @ THHRRBOENVAERT L2 LBHRS
T wn B 29,

—F, L TCEEHNOKKRMLICE L Co®E Eo M EIZH
TV o TEY, WHIZLTEMNKEEZHEKIED NN
HEOREICRY 22 d. T bbb, BéphKasHns
T, BITRSTFAVMB, Ty —BHoAkichBEI
TWa. T, A+RELICL- T, BEWE & ®ESMEOBERK
IZ D>V T Table 1-3 D X H 1T F & H LA TWD 2. KR4 W
BAICE T, BEWEPRELLE/HLTEBY, —&DMMIE
WETDHZEETERWY., #2bb, WhiodPWETH ALY
BEBCERT 2WREEZ L TWD.

Tablel-3 Gaphite nucleation material during different
spheroidizing treatment. 27

e 4k | E#E pm 27/} g E
MgALE ({£S™) A 05~1.0 (MgSiAl) N or MgS) MgO, (MgSiAl)N
Mg (&S5%) Bk 05~1.0 MgS or (MgSiAl)N MgO, (MgSiAl) N
RE i Bk 05~1.0 RES (CeLaNd) O4N;
Ca 038 Bk 0.2~05 CaS or (AIMgSi)N MgO-Al,04
fiFe-C &% p 3 0.2~05 FeCl, (MgAlSi) O
#iFe-C-RE &% Bk 0.5~1.0 RES
fiFe-C-Si &% Bk 0.1~0.2 Si0,

¥ S$<0.003mass%
¥ S>0.004~0.07mass%
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— % 72 ER R AL AL B T IX Fe-Si-Mg A 4 X° Fe-Si-Mg-Ca-RE &
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AR THE EL THMEOOII%NEE) 2N DLLER ILHETDH

ZEDBHBENER STV D,

1. 3. 3ERREHp&FEHF O EH L

B #% 12 8k (Fe), R ()L BT WHE(Si)E £y & L7 Fe-C-
Si 64 Thbv, RF% 2%UEEAEATIHILOREESELE VDR
TWd. hehtoEVWIEMOBIZEFENL TN DI RFEDOE
NWEIDHRTHDL. HORBIZIA AT T A F(y YD K&
HEREZFEQRII%ETTEENTWVWD., Z2ORFBITITEALLESR
TERAYHA b, R—=F 4 N&thd LT 5 RILYOFRETH
ODMMBMICTFEAT L. o B0 Mt HkERELERT D
121X, Fe-C R Pk e 2 v CH M L B v, Fig.1-6 121" 7
DX Fe-C ZEMIREH TH D 2. Z 0% OIRERK T EH
tt AU HZ A MFesCO)PNRFB[BICELHE L TEH N D DT, Fe-
CHRIKAEP TIT Fe-BR(LZER)E Fe-E A &% 14 N R (EXL
ER)EENZENHEMEERTRL TS . BHRITIRFZGTAE
N 2% %X T, TOXSICHENEOKRETKET S EH
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Fig.1-10 Effect of solidification speed on transfer of graphite
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BaHmTs. SHICHERMEZHEMNT 5 &L, Bilc kb EREHo
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MEWIEEHEGREPDLO EEK TIEE X TOELHHEED
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Table 1-4 Methods of promoting graphitization for thin wall
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Fig.1-11 Typical cooling curve and first derivative.
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¥, S —7 A TIHEITWEESDS 2.4mass% — T & L

oL
SE
P

/%A 3.2~42mass% D& TEIHE, S v—7 B Tl
B % 3.6mass% — E & L TIHWEEZLZ 1.2~4.2mass% D #i [
Bl . Ry AE®ROBWEG Z BT T Fe-Si %A
(70.5%Si, 1.89%Ca, 1.02%Ba, 1.05%Al) 2 X % % # ¥ H

=
A

28

(0.5mass% ¥ M) & Fe-Si-Mg & A 4 (45.2%Si, 6.02%Mg,
0.86%ANIZ X 5% v KA v FiE (1.5mass%ids ) T ER AL &L
HMEZIT o7, Fig2-1 A THETHES 2md Y 7 v v 7
WRORBRAN %2 CO W R ITEE L. WHREIL 1345~1365C
Td 5.

A AYITH O ETTELAEOF LB REE (15mmX5mm X
2mm) zZ BV H L, REJG H W@ P LE 2 JIS G5502-1995
> CHEGMTERE CRPR I E SN —F (4 FNEREL U E
L 7.

Table2-1 Chemical composition of specimens. (mass%)
C Si Mn P S Mg
3.2~4.2 1.2~4.2 0.2 0.06 0.015 0.015

Table 2-2 Carbon equivalent and chemical composition of
specimens.

(mass%)

Carbon equivalent 4.0 4.2 4.3 4.5 4.8 5.0

C 3.6
Group A

Si 1.2 1.8 2.1 2.7 3.6 4.2

C 3.2 3.4 3.5 3.7 4.0 4.2
Group B

Si 2.4
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Fig.2-1 Dimension of Y-block with 2mm thickness and sand mold.

2. 3RBBERBLIUER

Fig2-2 I FHMEBEMBICLIT T RELYE (CE H) &1k
FHROEBLERT. TWHEEEL 24mass% T —E & LTS A
(Z V=7 A) OF LAENEELLVEKFEREOT RIEIR
3.4mass% ChH o 7. 7o, RFED 3. 2mass% D Mk ix N — 7
A METFLHMBPEEL TCWE., —F, RFEE % 3.6mass% T
—EL LLEE (V=T B) O5AIF T WVWHERED 1.8mass%
T, BALEMEBIEIET VHAME 2o Tz

CEfE 42 DKM 7 Vv —7 ABIU BORERELITWVE
EAELBET DL E, A —T A DORFEIL 3.4mass% TH D D
Zxf L CTZ v —7 Bk 3.6mass% & @\, £, FWHEEILTS
JV— 7 AN 2.4mass% T H H DI x L7 — 7 BlX 1.8mass%
EEW., ZOZENBRE - CEETH-THITWVWHRELSL
T, FAREELICSWHEHRA E LT, ThiT — koK
MR SESE LR LCMEP TH 5.
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Fig.2-2 Influence of carbon equivalent and chemical composition
on microstructure.

FLAAEDOFEERMITO b LT 2 TOHLM TERIR RS OB M
MR I Fig2-3 ICRHBRMEICKIFTT CEEOEEL =T .
FTWHEEAE 2.4mass% —E & L7 v—7 A O R #ix,
PR & &M 3.4mass%(CEfE 2 4.2) F T MT 28 Mm% R 3 2%,
3.7mass% (CEfE 2% 4.5) ML EClXik#F & (CEfE) ML T
b, BRI HIX 1,700~2,400 fl /mm? O FEE TIE 5 DV T
7-. —FH, REE% 3.6mass% -~ E & L= Vv—7 B Tk, F
WHEE(CEM) DM BB BER BRI 2MMmE Y,
Z O KE X 3,000 il /mm? 2L E & 7o 7z

Frfbl Tkt EHMEE T T AL X7 A Mk e 2o
TW7. Fig2-4IC CEfE Lt P o X—F 4 F"EBEED

B s rd. ZIb—7 ADRZEN 3.2~3.7mass% (CE fi 2

S

4.0~4.5) O#PMHTIL, EE (CEH) O MITHE > TN —
T4 FERNWAHA L, T ECTCENTARMERBER->TE. /N—
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TA PRTAEHBHEBEICEBEINLDI ZEAMONAL T W D.
Bk o MMIZTERMoFAMEICHHT 27274 F&EZHEKX
S, TORENN—TA P PEEZHIDIEDL. BEHLIXRESR
FEREMHEBEHBOBEBICO W THE L TWD 9. % A i
DR R FEP D B TR IR FEY &

bkobn sk EEEL L TORFELEMHEHE O
BAEHLNIZLTWD. HILEMETIE 1%0 K FEEH NS

(CEL-C%+0.23Si%) M

LU THRMEIT 1.02%T DML T ILHMEER TlRK LR
D, WHEEMEKICR D E 0.023% T oW AT HELTWND.
Fig.2-4 TR —J A4 V&P MWM/NE 2o kRFE 3. 7Tmass% D &
E O CELIX 425 THEMR E R D, D7D, B 3D
RIZBROV =T A VEPRNMNER-TEEZEZXZOLND. T OM
M IX Fig.2-3 ® CEfE & BB oBEAKRE D — T 5.

—@——Group A (2.4%Si const.)
-=~--- Group B (3.6%C const.)
3000
NE
S
“; 2500 -
8 ° I
[4)] PR —
=S r-"":'f?
g ® / “ ®
o 2000 =~
E e ®
g o | .7
(D .
1500 Q
% 'Q.
1000

3.8 4.0 42 4.4 46 4.8 5.0 5.2

Carbon equivalent
Fig.2-3 Effect of carbon equivalent on graphite nodule count.
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Fig.2-4 Effect of carbon equivalent on pearlite area ratio.

— 5, 7= B TIETVWHEECEMBE)OHEIMIZTHHE > TN —
T A4 MEMBED 48% 05 26%ICW A L, SRS T =T 4
MM+ 2MmERo7. 26 OMMEITITVHREED 2.7mass%
(CEfi2% 4.5) LETHEFL o7, —BICT W»FEITEEAS
AHE o7 =274 ) —XZHEERMCBHEL. 0k
D, ERHMEBEFTOTWEREOBMMIZEY 7 =27 4 FEMNHK
LEeEEZ2ZONDS. £, TWEEN 1.8mass%(CE A 2% 4.2
Ty x o2 m»F Ak N—7 4 FDORA
kL0, N—=F 4 FPEMBEIL 45%2 D 56%DFH & 72 o
7.
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Fig2-5ICCEfE Lt By W —ABEOEFEERT. 7 V—7 A
Tl mFEEN 3.2mass%(CE 2% 4.0)LL F TF ik L TH &0
300~ 500 HV & o7z, —F, Z v —7 B T WHE=&EN
1.8mass%(CE f& 28 4.2)LL F CTF v fb L T 500 HV L ETH -
. ZJv—7BTIEEaFLVThHoToDIZH LT, Z7)V—7 A
TEHERX—=TFTAPFLETFLOREGHEBMTHDLITEOICHE I BIKEL 2
STt EBEZLOND.CEfMN 42 EToF AL TV
B o i X 1% 250~350 HV T CEfE OB MIC & 2 K & 72 i X
ODEFTR DN o, T, 7= AOHEIN T )L
— 7 B IV REL o, ZHHITHBEANDOD N—F 4 FEITE
KT EEZ2xbhb.

800 | | | |
—@&—— Group A (2.4%Si const.)
700 8% ---=Cr--- Group B (3.6%C const.) [

600

500

400

Hardness, HV (0.2)

300
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Carbon equivalent

Fig.2-5 Effect of carbon equivalent on vikers hardness.
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Fig.2-6 Effect of CE value and chemical composition on chilling.
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H, AUV A P HBRE(T) 2B TS ELZZ L2 D
THMLTWVWD., 2L TCHBIREFMMAILATe= Teg— Tec THK
EN, ZOMMBRKREL ZD2EFEFALAEREIDIZ W ERE
LTW3 9D, F, JOVWEEOHMICTHE W AT X KX LR
DN, REBN DD —EBEBU LI DEATEF - EDME 7
DIFREOEMDN RIS RDELTWVDE., ZOZ &b, i
L@ ELIFEBMBEICET W CEfEN 4.2 D& &, [Al— CEfET
HoThbITWHEEZLS AT DH 7 V—7 A (2.4mass% Si) T
TATeE P RELS LD TF VLT EE BN D.
REBIRXTWFERLEEHRNEOBEMKZ Fig.2-7 2R 7.
R FEED 3.4mass%l EThH L ERFEELHMIETHL b
HEiECTCELOVTWNDLIZOWIEKR LT, TOWEEN 1.2%0 5
42%ICHMT 5 & B BIX3IMFBa<EMLE. siko & B
DITWRICFTERLEREEZ PRI T2 5. B o
i RERE S22 L, EEEBEE O Ra NS H T 5 IEE
mpEAENL, SHEBEHROBEEEBEELsES T 2LELHN
5. Fio, EHEBEEO LR ITEMNOREREZH KL CHEH
ko Kb T 2 A aEENH 20, MEWSHEEICH T 2 HHHEE
FIEFHICHEWLEDICRMBRPAE R T 2ACEBNET T 5
EEZEzZbND. £, TWHREOHEMITIKFZORME 2K T
SEERomtrRET LI EHREINATND D LEd o T,
TWHEEOHMMICE > TEHAKNEPIHE R LELEBZ XN S.
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Fig.2-7 Effect of carbon and silicon contents on graphite
nodule count.

JWEEN 2.4 mass (v —7 A) O L X, [RFEEN
3.7mass% CHE IR N I KIZR o7, Z OFF O IE Fig.2-
4 THHRARLEEBHKRICH D EE XL, T OO NSRS
R Il RIS 2 DA END D, ML BHKICoOWTHE
o EBRMICHAHL ML TR, HELHBMETCERFERD
BEOMAZ £ vl COER IRE A B U Ik SRR B R O B% R R AR T
mobE L CRMRMEAEMNESE, @EEMEK TITRDEEZKT
gL BRMRBEITK THEmICRL EHREL TS Y.
DD, RFEED 3.7Tmass% D & X (2 Bk o WK %

RTHERICR s EFZ 6N 5.
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WL o X ERBEEMATOMAERE L BB BMBEEE AT
FArfblLZ20nWEHhzHREL WD . FAEBAGAEE R &
F R R R WN)ORIZIZQR-DH)XOEERH O, Z 0 X )
BRoOOL D BMBEU EOBRMBRPHFEL TWNHIT T LIk
LW eELTWnsd., AERIZCBTL2HEERE LY 100CHW

BE»O LB EBEMBBEET COoORAEEIT 34C/s THho2. 2
DEN B RO B D F VR E R T 1,340 f /mm? & 72 5.
WHBMHE TF AL Lo RO Bk tkiz 2 oLk
EoTWhk., ZOZ &b RILL O F VIR E R IZH
TL5R-DAPHE 2mm OFHFHICHLEHAATETH D Z &5 %
bivd.

N =0.58R>+ 19.07R+1.01 (2-1)
N:F v & FORL 2 (ffl /mm?)
R: 1% H B FE (K/s)

LN »>T,EE 2mm d TWDI 2 F b s EFicghdE+ 5
oiliFmEEMEK D CEfEE LT, k2l oRHEHEH
S¥LWRENDDL. £, HHRHBOMREZFLZE DO/ —
TAMEEEL LR LW AIIRFOBRMIZ L » T CE A
AL, EHERNMTHEZE L2007 =274 MK
EZLSHLEVWVEARTWVWEORMICEL D CEEOREBNEAE
BT h D .
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oSS WWT, FaAafbfEmeEI 7 eIk ETTIREY
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(1)3.6mass%C OB A, T WHREE 2.4mass%bl L& 25 2 &
TTF bzl TE D

(2)3.6mass%C D &, \F W3R & O8I & RSN kL 2 8N
T 5.

(3)3.6mass%C O H, TWEEEOHMIZT 7 =7 4 biEHEFE%E
HWomd 5.

(4)i L Ak TERFESEI L TH B KIT 1,700~
2,400 flil /mm? O H P TIEXH D <
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wI3E I JpopMHBICERITFITAHEEOREE

B OTIE 2mm O BOCIR R ERR B8 S oM X IFE T
FELTVWEEOEEZ XA ICEA L 2. AW KIK B
TIEHEERISHFEORHAEEN T LVMAMOSHITEELZ LITL
TWadZeERMmbR TV, 2mm AETF A nImH sh b
biE, BEALEHERIZBWTHLZDOMRERPIBEH TCET D H O
EEzxbND. L, HBARNKESHSESOMHEE O DI,
EFMMBR(RF, JVWE)EHAEREO® T # 5 LHATTF L
ol Zthzmid T o246 ETH D .

AETITIHE 2mm ORKAB oW EIC AT Y V%
T 5RBA 28E L, MCRITTMKRE G HEE DR R
AMET L. £, REFOLMBICEEI NI WA EE & R
i OB R AT D

SE
i

3. 2 ERAFE
3.2, 1 RMBEBR
el M IR R B BESH O Y ¥ — 2 H1(3.64% C, 1.84% Si,
0.38% Mn, 0.025% P, 0.005% S), "R & " S25C O X 7 T v
7(0.23% C, 0.2% Si, 0.016% P, 0.02% S)% LEJR k& L 15kg &
BEOmBEFEFZH N TERLLZ. 1470CE TIZTM#EA L T
Fe-70.5%Si & & & MK A ZIRML CTWEE OAb =Mk % 508 L
7o WG O SR BT HE SR R os B i 3t B KL Rk o #PH T &
Sz, Vv —7 AL Table 3-1 I 3" T XL H T WVWHEE = —
EE L TRFREZELILSIE TS, 77— B X Table 3-2
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AT Lot kFEEL —EFEELLT, TWEFREEZELLI T L.
W& 1550CETIlcmB L T 5 Mz ERELAEZE, 900C
CTEA LR MHEoOBRMICESE L. b RA vy FIEIC
X DR L & B LR & Lo

Table 3-1 Chemical composition, CE value and pouring
temperature of group A.

(mass %)

C Si Mn P S Mg CE TPG‘:;‘; 1 nogc
Al | 2.86 3.0 0.2 | 0.05 |0.016 |0.019 | 3.86 1499
A2 | 2.89 2.9 0.2 | 0.05 | 0.014 |0.017 | 3.86 1471
A3 | 3.39 2.9 0.2 | 0.04 |0.009 |0.024 | 4.36 1447
A4 | 3.57 2.9 0.2 | 0.05 |0.009 |0.019 | 4.53 1488
A5 | 3.67 2.9 0.2 | 0.05 |0.012 |0.020 | 4.63 1470

Table 3-2 Chemical composition, CE value and pouring
temperature of group B.

(mass %)

C Si Mn P S Mg CE TPe‘;‘ll; 1 nogc
Bl | 3.39 | 2.46 | 0.21 | 0.05 [0.007 [0.018 | 4.21 1484
B2 | 3.21 | 2.83 | 0.23 | 0.05 [0.010 [0.018 | 4.15 1470
B3 | 3.40 | 3.06 | 0.20 | 0.05 |0.008 | 0.015 | 4.42 1390
B4 | 3.32 | 3.31 | 0.24 | 0.05 [0.010 | 0.017 | 4.52 1417
B5 | 3.42 | 3.51 | 0.23 | 0.04 [0.008 | 0.015 | 4.59 1413

3. 2. 2RABRABREGAEE O R E
B ERIR LB %% O WY % Fig.3-1 1273 £ 5 72 CE g © H
EFEETCHWLHNALTWDSD K AEBEXLIEE SN Y = b id
(CEHZ v 7) To¢60X50mmMHiEICHEL CmAMBKEE KD
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. L, ZovonrvBEMORNBIZT ALV EDa —T 4
YR E RN T W W, 72, Figl32llmahbd ko hlE
2 mm O R A ICHEE L. RO = AR o
REWrim & 722 > T 5. Bl B K OVH &k B2 i & 1X & Fig.3-
3WCaAT. WHEEETY TSI 7 HEE 0.0ls TT — X H
—Z MW TE L2, MR MME 3% T 141 % — >z v F
YU LMy F B D)TESKT ORE L 2.
By Y 7 MNBEEKXKT 7 Y K&t H W TR
nkif L NN =7 4 PEMEZRD . Fig.3-3 1T 7 .

Fig.3-1 Demensions of shell mold for thermal analysis.
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3. 3EBRBERKR O EH

3.3, 1 AR L A E

Fig3-4 2 2mm K & = v P OKH O H AR L2 RT . B
s o A AR IR OB K VBBV I KD RERH Y 72 bR B
BEE, BREEZNLTH~OBBELOIRXITE s THREIN
5D mAMBICEIHESFOREEBEICONWTDOEL OHYDRIER
NEENLTWYD.

—Top —Middle
—Bottom —2mm plate

1400

1200 F

C
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-

800 K
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400 R
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Fig.3-4 Cooling curves of triangle wedge and plate samples
during solidification.

Fig. 3-5 i A M2 T2 T D LI THLR
oy AR (R E A EE OB ERT . MamR(D D0
(T AR ) L A 2 bbb T LT, BEE G R
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Fig. 3-5 Cooling curve and differential (cooling speed) curve.
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DHHEEIZL > TERT D ENTE D D @ O EHE H#
MITEBRTOBRAEERRE L KR ToOMAEEER /DI W,
W5 OmAEAEEITHYORIERITITETH D, HFEEE S
A, MERORBROEBELZ2EZEZ C, HREEFICL-T, &F&
FhHBHEEOERENDDH. LHL VEWIT V6 T M,
B SIS D Z N E NI DWW T, — &R EHEMEToFYm A EE
FEHLTCVWS., ZokonmAREDERZFTEBZT T
MAERICEIZ2EBROREBZBRS LD THAH. HH VL ITHE
HEToRKGHEELZRAL WD, HRGHEOHS, &

58



St
Pt
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BN H S o T, EBEICH L &AL Fig. 3-4 @
R, BWmREHRICELE Y. LR o T, b
M EZREET L2 ENELLS, FHERELE L CO®BARE
IEREICR D D22 L IEIES TRV, I E S oW A iR
WA TH Cmm ML E)EERIENBE N T WD A e
MK TRHRORELBAEFELZHREST DN TE L. £EK
I ITHEBEBEICBT ORGP H L TEREN —F
LRGN E D L & O mENE E (Vs) X M 3k #IC £ R o K
Bic/hs< wEINLT, R EFAETHL. LI - T, K
R IEmAEABE O T — 2 0o LEHBEKT (Vs & VoD & H
WO A SR T

WE LS 7o mAHEE (Vs & Vi)x Table 3-3 &5 7.
ZoREEBE I E TN EEVIZEEASH»OH5 L 7R
EBEoOFRICESVE., KAFEBRTEESHMBEIT 1s &L
c2mm BROCIREBR A oo L B B E AT O MmO EE BN R b WM o 2.
v VB TIUX Top ¥ @ Al £ 3 Middle & Bottom

9+ Nz >H: v
N1

I

A

W

Iy

H

FVHEW., =y VO Ve lTWEMEIZ LD ERN/NS LR

P

ST . LERS>s T, UBOERICHWWABEEREIZ Vil LT,

Table 3-3 Speeding speed of triangle wedge and plate samples.

Top Middle Bottom 2mm plate
Vs (C/s) 64.4 27.9 24.5 88.2
Vi (C/s) 7.1 7.1 6.2 41.1

Vs and Vy: Cooling speed of beginning and finish of eutectic solidification.
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Fig.3-6 Microstructures of wedge specimens with different
carbon content.

C: 2.86% Si: 3.0%

CE,;:3.55

C: 2.89% Si: 2.9%

CE; :3.56

C:3.39%5i:2.9%

CE;:4.06

C:357% S5i: 2.9%

CE,:4.24
Ad)

C: 3.67% Si: 2.9%

CE;:4.34
AS)

50 nm

Fig.3-7 Microstructures of 2mm plate samples of group A
with different carbon content.
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Fig.3-8 Microstructures of wedge specimens with different
carbon content.
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Fig.3-9 Microstructures of B group 2mm plate samples with
different silicon content.
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Fig.3-10 Variation of graphite nodule count and average graphite
diameter with carbon content for different locations of wedges.
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Fig.3-11 Variation of graphite nodule count and average
diameter with silicon content for wedge specimens.
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Fig.3-12 Relationship between CE and graphite nodule count
for wedge specimens.
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Fig.3-13 Variation of pearlite rate and graphite area ratio with
carbon content for different locations of wedges.
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Fig.3-14 Variation of pearlite rate and graphite area ratio with
carbon content for 2mm thin plate.
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Fig.3-15 Variation of pearlite rate and graphite area ratio with
silicon content for different locations of wedges.
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Fig.3-16 Variation of pearlite rate and graphite area ratio with
silicon content for 2mm thin plate.

70
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Fig.3-17 Variation of thermal analysis curve in CE cup with
increasing carbon content.
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Fig.3-18 Variation of thermal analysis curve in CE cup with
increasing silicon content.
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% % Table 4-1, Table 4-2 |2/~ F . £ F Al © & & 1% 0.5mass%
R AL Al o B &1L 0.6mass%,
T & ¥ 2. 72, ERIRAA O E I
1.0mass% — &I L T, # A % 0.3 mass %, 0.8

 —E I L = 1.0mass%,

1.5mass%, 2.0mass% (2
0.5 mass %,
mass %, 1.2 mass%(Z 4L & THR M L 7= . Fig.4-1 IR 7 3mm

DR (10mm X 60mm X3mm)%x COr: 7 v & X WA C§i&E

L7z, £/, B3FLFEBICHABHRZHHE L CTHYiHRE
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B

Table 4-1 Chemical composition of spheroidization. (mass%)

Si

Al

Fe

Mg

45.32

0.67

47.40

6.61

Table 4-2 Chemical composition of inoculant. (mass%)

Si

Al

Fe

Ca

Bi

RE

70.65

0.95

28.40

2.39

0.87

0.60

Table 4-3 Chemical composition of pig iron. (mass%)

Si

C

P

S

Fe

Cr

0.270

4.040

0.015

0.004

95.656

0.015

Table 4-4 Chemical composition of S25C steel. (mass%)

Si

C

Mn

P

S

Fe

Cr

0.26

0.22

0.07

0.02

0.01

99.30

0.

12
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4. 3. 1 fbZE MRk
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Table 4-5 & Table 4-6 IZ
R A o Bl &

A ERL L EOAEMETERAORIMEIZ X > TEA

X 72 0o 72

— 77,
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wn L 7=

Table 4-5 Chemical composition of group A specimens. (mass%)

No. |Inoculant C Si Mn P S Mg

Al 0.3% 3.39 2.73 0.169 | 0.015 | 0.008 | 0.051
A2 0.5% 3.68 2.65 0.164 | 0.015 0.01 0.054
A3 0.8% 3.62 3.16 [ 0.169 | 0.014 | 0.009 | 0.055
A4 1.2% 3.32 2.92 | 0.151 | 0.014 0.01 0.048

Table 4-6 Chemical composition of group B specimens. (mass%

No. | Nodulizer C Si Mn P S Mg

B1 0.6% 3.51 | 2.75 0.16 0.014 | 0.007 | 0.019
B2 1.0% 3.05 | 2.87 0.15 0.015 | 0.007 | 0.034
B3 1.5% 3.67 | 2.65 | 0.164 | 0.015 | 0.009 | 0.053
B4 2.0% 3.27 | 2.72 | 0.172 | 0.014 | 0.008 | 0.065
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Fig4-3 27 Vv—7 ARBRAFOI 7 oMz 9. A2 A
Fomne Al okmo I 7 eliEsa2zBEBmibixshn
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DB EETIGAOXIVEFHENE PRINDL.LED - T,
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Fig.4-3 Microstructure of pouring gate and far-from pouring
gate for group A specimens.
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RELS pofz. 20O &b, B AT EKCR R 6858k o B
K EMHAREDO L BLZRTT20RKM 2. £, Z 0K
FHEEZRECR2BMENKROGEMDRNPGE LN D K M4 LR
H. BEFEAIIL 0.8mass% L EA RIS 5 &, FOAMMA SN L
otz B R S 1,200 8 /mm?* LLF o BB A iC i3 L M
A ECLLI2HRBENGFEELL. £, FAMBIHMELZRE
ODEMEETTFAABESISELRVAB I DKWY, LMo
T, FABBICIEREMAEZ T EBEET L ETERLS, fh
DR FHEEL VWD EEZEZXDBNLS.
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Fig.4-4 Relationship between graphite nodule count and
inoculant addition content.
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BEHEEEN—T7 4 NEOMEKZ Fig.4-5 1T T . EHEAGR
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Fig.4-5 Relationship between pearlite and inoculant addition
content.
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Fig.4-6 Relationship between silicon content and graphite nodule
count.
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Fig.4-7 Microstructure of near and far from pouring gate for
group B specimens.

R AW & & R B oK % Fig.4-8 27 . MmHMKE
ES B D e hm & A o R R B X BERR Ak Al & oo B2 &
> T, Zfb L. BHEKMBICAETAHAAFEEORLEBITRD L
ol BRIRMILAOHRMEBOEMIZ X - T, HOo L ki
Wy o Bk BN a2 Em s RSN

2000

—— Near pouring gate O< Chilling
1800 | —#=TFar from pouring gate

1600

1400

N/mm?2

» 1200

1000
800

600

Graphite nodule count

400
200

0

0.0 0.5 1.0 1.5 2.0 2.5

Nodulizing agent content, mass%

Fig.4-8 Relationship between nodulizing agent content and
graphite nodule count.
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Fig.4-9 Relationship between nodulizing agent and pearlite
rate.

Table 4-6 % & 5 &, %8 Mg = X BRI AL A o &N & o 8
ko THMLTWE., Z0oZ b, T TERIRAA OIFK
M X 2MBOEAITERE Mg BOBADLOBHA TX 5. &
HBMgBEBOHMMIZE > CTF LMBoBBEMmMIZKAE L 2D .
ES L, 2mm HEAKRKRBHH S ICH T H5EE Mg &0 N
ONERRMBENPETL, FALEMPRELS DI EEREL
TW5 .2 2Tl 15mm ©FE KW E & o B ek B3k Mg
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Fig.4-10 Relationship between cooling curve and solidification
microstructure.
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Fig.4-11 Typical temperature and cooling speed of cooling curve
and cooling speed curve.
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Table 4-7 Typical temperature and cooling speed.

NT A — =k
Trs ) fm e B G IR BE
TrE # e B OV i IR
Tpr B bl OIS & T R E
Teu H 5 KIS O B KR E
TERr R KL O & &R E
Ves ] fh B Ah o A
VEs B oh O i o g EOE E
VR-max OB b O B K OH B
IR OB S R

4. 3. 3. 2 HBEM. DS

FERERERITI 2 2OMEBELEKROMICH 2HE 2 BELL O MRS %
ML2ERETHLL. BB x EBy O MEBE/RE riZ@-1)A TR
Db D,

Sxy T (=D (Yi-F)

Y RSy —02 BEL, 0 -9

I":

Syld B x & EHy o 5y
Seld 2 B x O B E R £
syld 22 %y o 1R R 7%=
n AT LT — F (x,p) D KK
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X I ERxE B yD T h £ Y HE
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FMERENED &L XHREBMICIEOHBEN, A0 L &R
EHICIFTAOHBERID 2 &5 . HEBEREEN 0D L XHEERE
BITEmMEBE TH D &V .
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Table 4-8 & Table4-9C A, BZ L — 7O F VMmN H L
ho TR B Bk, REYE, VU arr &k OBASH

AR R T

Table 4-8 Carbon equivalent CE, Si, graphite nodule counts and
thermal analysis results for group A specimens with no chill
microstructure.

GN CE Si% tr Teu Tee Ter AT Ter  Vrwmax Ve

Nod/mm? mass% s T T T T Cls Cls Tl

Al E Cupl 857 4.28 2.7 8.4 11559 1160.1 1160 4.5 10903 0.39 241
A2 T Cupl 912 4.55 2.65 37.3 1156.5 1160.8 1163 6.6 1087.7 0.4 22.32
A3 ECupl 1358 463 313 186 11556 11604 1161 51  josas 026 23
A3 TFCupl 1345 463 313 186 11556 11604 1161 51 19345 026 3
AdECupl 878 43 292 99 1155 11587 1159 41 1083 034 232
A4TFCupl 1180 43 292 99 1155 11587 1150 41 1083 034 23
Al E Cup2 857 4.28 2.7 6.9 11486 11534 1154 5.1 10676  0.56 233
A2 FCup2 912 455 265 19 11542 11553 1162 78 10777 055 238
A3 ECup2 1358 463 313 78 11598 11615 1163 32 o190 029 408
A3TFCup2 1345 463 313 78 11508 11615 1163 32 0419 029 428
A4 E Cup2 878 4.3 292 29.4 1156.2 1161.3 1161 4.8 1085.5 0.28 -2.46
A4 T Cup2 1180 4.3 292 204 11562 11613 1161 4.8 1085.5 0.28 -2.46

Table 4-9 Carbon Equivalent CE, Si, graphite nodule counts and
thermal analysis results of group B specimens with no chill
microstructure.
GN CE Si% tr Teu Tee Ter AT Tee VR-max Ver
Nod/mm? mass% s ‘c °‘c ‘c ‘c ‘c/s Cls  °C/s
Bl FCupl 920 443 275 135 1110 11123 1113 25 1013 026 -162
B2FcCupl 987 391 288 124 11463 11495 1150 3.5 1057.1 025  -1.97
B3 Cupl 1104 455 265 373 11565 11608 1163 6.6 10878 04  .2.32
B3FcCupl 912 455 265 373 11565 11608 1163 6.6 1087.8 0.4  -2.32
B4t Cupl 1049 418 272 41 11547 11551 1156 12 10827 008 236
B4T Cupl 1224 418 272 41 11547 11551 1156 1.2 10827 008 236
Bl1FCup2 920 443 275 06 11094 11102 1111 15 10673 031  -1.46
B2FcCup2 987 391 288 28 11408 11433 1144 3  10s9.8 037 224
B3 Cup2 1104 455 265 19 11542 11553 1162 7.8 1977.7 055  _2.38
B3FCup2 912 455 265 19 11542 11553 1162 7.8 19777 055 _23g

B4_E Cup2 1049 418 272 3.9 1152.2 1156.5 1157 4.7 10814 0.23 -2.66
B4F Cup2 1224 4.18 2.72 3.9 1152.2 1156.5 1157 4.7 1081.4 0.23 -2.66
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Chaudrari H IFAHIBRE KT T v I/ 2 v 20 E %
HELTWD D Mg RERRALA 2 LB L ZRIRBEMEFEHOBED
X CEfEN 42005 4.6 £ TICE DD & &, 8 & MK IC D2
DL, MlmA—ATF A NP EEL, FEXIEN CE T v
ToOwmAMBICE NS EERLE. £, ZTO CEEOXE
BRI XA A IS &R RIS A RIFFICE Z 2 @S & 5.

Table4-5 & Tabled-6 I R"T L H2, I v—7 A L 7 v—7B

O CEMEMN 4205 46 FTICEILLTWVWD. CEX vy b
06 27 BRCIR AL AL B % oo i H b BRI R R R R T D R ORE
HTH Y (Fig.4-12(A)), M K & 35 RIS 28 | H T 2w
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F—ARFeaMoR TR EBRTER Y. Mo T, A
RICEEBKIEOBSN T — 2202 H Wiy 5. i
RS W 3t L BE AR RE R S D BB AR S M B T E R B
N dlw, BEKGER@G)ZH W CHET 52122k
7z .
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Fig.4-12 Cooling curves of A3 and B1 specimens.
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BRI BEBEEBRO XF 2 =2 LBAERHE LT TIE
<, ABFR RIS RN B D . Table 4-10 & 4-11 1T X 7 v
—7 AL V—7 B OREBOERBKBELEEASHT — & kW
MO MBE/RBOFERREE R T.

Table.4-10 Relevant between graphite nodule count., thermal
analvysis results and chemical composition for group A specimens
with no chill microstructure.

GN CE Si% t Teu Tee Ter AT Ter Vewmax Ver
GN 1.00
CE 0.66 1.00
Si% 0.87 0.49 1.00
tr -0.17 006 -023 1.00
Teu 0.55 051 056 0.09 1.00
Tee 0.50 030 058 033 086 1.00
Ter 0.38 061 028 039 089 0.72 1.00
AT -045 009 -0.66 056 -043 -046 0.03 1.00
Ter -045  -045 -043 052 -040 -006 -0.18 051 1.00
Vrmax  -0.66 -025 -0.82 -0.15 -069 -089 -047 059 0.04 1.00
VEer -053 -048 -051 039 -0.69 -039 -046 0.60 093 029 1.00

Table.4-11 Relevant between graphite nodule count., thermal
analysis results and chemical composition for group B specimens
with no chill microstructure.

GN CE Si% t Teu Tee Ter AT  Ter Vrmax Ve

GN 1.00

CE -0.22 1.00

Si% -0.14  -0.87 1.00

tr -0.21 0.64 -055 1.00

Teu 049  -0.04 -036 034 1.00

Tee 048  -0.04 -035 037 1.00 1.00

Ter 0.45 004 -041 041 099 099 1.00

AT -0.07 057 -0.58 0.71 049 0.51 0.59  1.00

Ter 0.43 0.08 -042 0.18 078 077 077 033 1.00

Vrmax  -039 057 -035 056 0.08 0.09 019 084 008 1.00

VEer -059 010 035 -0.10 -089 -090 -0.88 -044 -0.70 -0.01 1.00
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Table 4-10 T F /L Ak 2 v o 3B 0 B §) b & & (b 2% # Ak
D SimgAELT CEMEE OMBEKEIX 0.66, 0,87 Th - 7=
ZFIZ TR SidgAEEL O CEM & B rE L & v %R
bbb, EEBEEOBSN T — X123 ¥ O
O i A Veomax & BRI B O M BERE AR D & V(-
0.66). £ 72, Vremax & SiZ A EOMBEMKEIT-082 Th o 72
Ve-max & CEfE @ FH B £2 #0132 -0.25 Td 5. 8 Kt O fx Kl
FE(Vr-max) T B8 R B Kk ML Mk © Si & A & & I 13 48 B
PE2nd 2570, CEEEOBICITMHEEERNZRZNZ ERbND

Table 4-11 12" T 7 v — 7 B O R BT 1T B8R & (LM
D SiGHEE CEfEMICITMBEERRLS T, Ao o7
— X OHRICHBBEKETOBHAHEE & HEEAMEIL-0.59 Th -
7z .
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IR LD D% Fig.4-15(b)I2 9. BRI B8k o2
R KIS RSB IEE (154CHIcE 2 &, KIS EZ
. 2L, EEORBEETCITEBMICE > T, BeHILHE
EEXVERWRE CHERIENEZ 5. @HIC Ko THHERE
LLRIZ 72 o 72 iR 7 AIWCEHET 22 2T HE | RTINS .
FFRERC IS 23 06 % 5 &, BRI X 2B LM~ B R
VTR, TOBREBEBAICLDBEANEE~O R LD
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(a) Cooling curve and cooling speed curve.
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Fig. 4-15 Recalescence reaction and max speed of recalescence
reaction.
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4. 3. 3. 4 E[RFHH

YEAL O ORI XY RN BRSO F Ve b 5

TR EHNREE SR E S TS D 2 oA R R KN
B o RWNEEZmAREITKFEL TWD. Y om A s E D
HTNnEENFEZTRICH T OERNREBEMBEERNZL D, 8
Yoo BRI Z O R A x D L T L0 E ST
LI ENTED., WiIZhdeEF ML SEET 5.

PR A L BRI A TG LB A AT O B, T 2 B Rk
A TR T LR TERE, BILO0F VR BN KL K
BT D T LT ko T F LK kA M R EROIR R 6 85 8k o i Y
WAL 2D EEZE2ZbhRD. 22T, o Bk & HE
R HDEAGH N T A —2BoEFEN»DE BBk Eo 7+ Hl %
R B D

J—7 A ORBTFLELUERNRE O BRHR LKL E K
CEffi, Si& A BV Vemax (T MHBEMERH - 7. &EE ST
TEZOMEFEERD L. BEEIFSNT FIEFTER LKL OMBE
PER W ERERINTWSD. Table4-1012 XV Si & f &
E VrRMax D AHBBRE T - 082 Thoz. mWHBEERD D -
H, BlESoHTSigAREOE R zHEHNTCE L. 2T
— 7 AD CEMH L Vremax 2 A LTHFEDHLEZ. 7L —
7 ADENBRNR A L L CEM &L Vr-max @ [\ J7 53 A7 i
Z Table4-12 12 "¢ . ALK RIT 084 TH D Z & TEHK
PEMBMBOMBEERNEGE W ERNDND . AE FAEIZE
BREOLDVWETETAVOREM.RERT. V=7 ADOEfRET NV
DAHE FIEIEZ 0004 THD. AEM 001 XV /hSni
W, ERETAPGEICAE TCHDLI Z BN DLMND.
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Table.4-12 Multiple regression analysis results for graphite
nodule count, CE and Vr-max for group A specimens with no
coating.

5% P-{&
1 1728 0.188 E+EAIR=0.84
CEf& 723 0.02 ABF=0.004
Ve 11129 0.02 EHRER? 0.7

[ )i £ 4 O B E 1L P fE T HIWr L 7z . Table 4-12 12 X VY, CE
il o OV Veomax OO PEIX 005 KW/ Sz &b HE
ThoHr bbb, YO PEIX 0188 THd. Z OfEIX
0,05 L V72 K&EW., 2oy, UROREBEETH D
EWVWH ZEIFTERY. TNEEAROEDN DRV D EE X
HA D, 3mm ORI BRSO EIFEER L 4-2)X TR T

GN=-1728+ 723CE—1129VRr-MmAX 4-2
GN : AN A 7 AN A A~
CE : A% OB Y O CEfE(CE ff = Cmass%+ 1/3Simass%)

Vemax : HEHEHBZOWBL THHEINSD CE I v 7 X 5 8 A ke E

B O OB O O e R Al R

ORI, BEO CEMENE WG TR NELL D,
VRMAXTE D RE WIEFODBNEMNREIZTD R D222 bhb.
HRNKRRKENFGESF oM I cxmESRER 2 Z AL LT

D0, MW CEMETFALVMMoOMBEEZMEHE LTI ELED
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TORXOMEME —F L TWD.D.M. Stefanescu® i i H  EROIR
Btk O KRR E VrevaxODBEBFZHEL TW D, B I
Vemax O MIZ XV ERRAEEERNRK NS 2 225070, K
DT N—T AO CEMEITHILEN»OEELE TEISET
WL ERRIAEFEIL Vrrmax E v A T AMBERH D . Vromax T W
HM MO EEHRAADL LN TE RN, 207 DIEE DK
WMo romHABEELLHMOBERSES. L2rL, ZoLH
WX RE R 28 vy D . Table 4-10C L0, 7 v —7 A OB
B b 4B RS O HIRE Tee X Veomax & 98 W AE B B
ol ZOMBEREIT-0.89 ThHh DH. Teeldm H b » o HE
LA L DR DD, Vrmax & Teg TR T 2 &N TE
HEBZDBND. Vemax & Tee O Bl 43 A7 5 £ 1% Table 4-13
W T . A FESURAKAKOER Tee ® PEIZT ~T 0.0001
UTFThd., 20D, TEFLVLEERIKFBHICEIAETH
e bnd. (4-3)RIT Vromax & Tee O B R %2 o8 7.

VR-Mmax=42—0.036 TkE 4-3

(4-3)yX 2 U@-2H)X IR AT B2 k- T, Begkisk %2 CE
& Tee THEW T 2 4-4) XD EL N D .
GN=-49146+ 723CE+ 41Txe 4-4

Table 4-13 Regression analysis results between Vr-max and TEE
for group A specimens with no coating.

BR# P-{&
120y 42 0.0001 EFEEIR=0.89
HBEF=0.0001 ERE
Tee -0.036 0.0001 RER>=0.79
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7V —7 B O ERK I L OB TSR R & Table 4-14 (12 7R
T. ETILVORE FEEEEKOFE PHENS T XT 0.05 LY
K., LeBo T, EF N EREBEBZIIHIFMICHE L W
T&E5. L2»rL, BEREREOFICHBERK ERERBITZE N
I 058 & 034 o, ZOEIT1IICESTFIEIH S LIZE
EUMTIEEYNRNRW., B ZL—F0RIFEKERIL, FEo RNk
BOREDMHED 5000 TEMRahd., 207, BZLr—7
O AR AL F O BN F A K D BT, AL & B TR R
CWEGMHEREFEET LI ENAE LV VZ D LAL, R
LB EAT > WHITRMB B EBEKETOREAEE L SV
FBIMENSH D Z &b b . S.Charoenvilalsiri b 1%, Z o Hr
BRLELEBHOBRICODVWTORT A - ZOMEHZFAAEL -
O, B BRESVHEBEERDZEHO — ST EBKET OB
HEETHD., THIEFIAEROME L —&H L Tz,

Table 4-14 Regression analysis results between Fr-max and
graphite nodule count for group B specimens with no coating.

B P-f&
17102y 629 0.0005 EFEEIR=0.58
BEEF=004 ERER
Vgr -181 0.004 HR2= 034

4. 3. 3. 5 AN KRRKRBHBEHE OB L O MGk

Vr-max (3 AH BY 43 A7 T 3 P9 OBRCIR SR 60 85 8 o0 R 80 ORI B & 5RO
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Fig.4-16 Valuable method of metal meld for thin wall ductile
cast iron.
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Fig.4-17 Relationship between max speed of recalescence
reaction and chemical composition.

Fig.4-18 {2 /" 3 & 912, Vr-max D/ & W Kp, 365 & KR E

9)
<, Bk NLZL o=, —F, VrR-max DK & W,

7
o RAIREE NS Ry, BB A L. Biph R
ZWiH A, KBV ORMBEORENZI o TWD L
WET D2 0E, ERRAEICHED EBEE RO K ILHKIED
KIEKBEEL2ES L TWELI EEZLND.
A : |
Tey Ter
| Vraax Slow i
o
8
: f
=
L7
& Veaax Fast
Recalescence reaction
% >
Time ~

Fig. 4-18 Infruence of Teu on max speed of recalescence
reaction.

99



BiomRRBREICADL &, BMoREIIEDLL T, B0

B EENZIE SR, BHheRoREo®RE L KEIZ
HEEBERANIZTIIT IR b. TS, KKK

mELZR2FMPIFZTERLCICRD EE XN DL. B R HN
Z WA IR RIS O REIRES S WD, KIS O AR
MWhNSI LK ol EZ bbb,

Fig. 4-19 ICHMKIG O R KEE L BEBEIROBKE R T.
R R EMEA ORMIE, BEKICORKEEEZ KL, &
SRR WA L. BEDRERIEDL B G 6N 5 A HEK
D RKEEIX 02C/s Th o7z, Z O REE L& E#EE
WEoTETZD, AW REETHL, F —-Fi&n0K
GHERoOHEZTASTHLIEEZLND.

—0.5% Inoculant

0.8% Inoculant

O 1 —1.2% Inoculant
i

g

=

o

(4]

o

E i

s

V._...=0.20°C/s
0.40°C/s /
0.46°C/s (FIL1E)
Time, t/s

Fig.4-19 Relationship between max speed of recalescence
reaction and effect of inoculation.
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5. 2 ERFIE

RN OBEREMHFETHE 2ELR -Th D .

P& L 72 Y-block B i % Fig.5-1 12" 9. & B 1% Fig.5-
2DOBMB N L — Il Ko T 7 =T 4 Mebeslia i L7z
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A
A

90

=
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Fig.5-1 Dimension of Y-block specimen with

950C 1h

Temperature

Time

Fig.5-2 Annealing heat-treatment cycle.
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(b) V-notch

Fig.5-3 Dimensions of small sharpy impact specimens.
(a) U-notch (b) V-notch.

Fig.5-4 Machine for impact test
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5. 3 EBRERRUVOEZ

5. 3. 1 ERAMOBEBRE I 7 o i

Table 5-1 ZEAT XD L > THL A M O (L F
MM O CEEEZTRT . TWHETAHEIT 2.16%0 5 4.48%F T
EkLTWD., £, TJWHEREEL - ET, REFRERIZEL-T
CEMEdi @M~ @mEBMEKRE TEAL TV D, EH
&L CHEffEiE L7 FCD400 & OY FCD600 % S BRI fit L 7= .

Table 5-1 Chemical composition of Y-block specimens. (mass%)

Number C Si P S Mn
A 3.36 2.16 0.060 0.014 0.20
B 3.49 2.61 0.060 0.015 0.20
C 3.64 2.99 0.060 0.018 0.23
D 3.51 3.33 0.060 0.020 0.28
E 3.08 3.66 0.08 0.019 0.21
F 3.50 4.48 0.06 0.013 0.21
FCD400 — 2.2~3.4 0.014 0.004 0.21
FCD600 — 2.2~3.4 0.009 0.039 0.20

Table 5-2 I B & fE M 12 X 2 M &k fs R 2 R 1.

Table 5-2 Graphite and matrix characterization for different
specimens.

Number Nodule count Average grain Pearlite area
(Nod/mm?) diameter (pm) rate (%)
A 1028 11.6 0
B 2576 8.0 0
C 2214 7.5 0
D 2382 8.4 0
E 2066 9.6 0
F 3218 6.2 0
FCD 600 543 17.6 46.8
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i | |
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Fig.5-5 Microstructures of specimens with different silicon
content.
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Fig.5-6 Displacement-Load curves of U-notch and V-notch
specimens.
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EOHBACIETERN =R VX — (Ei) TEHEEZ XL X —
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Fig.5-7 Effect of silicon content on graphite nodule count of V-
notch specimens.
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Fig.5-8 Impact toughness value of V-notch specimens plotted
agalnst silicon content.
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Fig.5-9 Impact toughness values of V-notch specimens plotted
agalnst micro-vickers hardness.
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Fig.5-10 Displacement vs load curves for specimens with V-
notch.
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Fig.5-11 Effect of silicon content on graphite nodule count of U-
notch specimen.

U kRxHABRAFOHERMEL T WHEREOBEEE Fig.5-12 275
T, T WEEE 2.16%0 0 3.66%F CloEbEHT- & X,

BE T 13)7/cm?2 205 20)/cm? OB TEI LS. TWEE D

114



3.66% % 2D EHEBMENADMIZCEKTLE. B e o F
Wid i KME & 72 - 72

Impact toughness value, Jem?

“f .
0 L 1 L 1

1 2 3 4 5 6
Silicon content, mass%

Fig.5-12 Impact toughness value of U-notch specimen plotted
agalnst silicon content.
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Fig.5-13 Impact toughness value of U-notch specimen plotted
agalnst micro-vickers hardness.
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Fig.5-14 Impact toughness value of U-notch plotted agalnst
vickers hardness.
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Fig.5-15 Displacement vs load curves for U-notch specimens of
sample plate e and FCD 600.

5. 3. ABHNBOREE
Fig.5-16 1 VIR = RB 2B T 2 @8I &IT T &k
BoRBENRT.

117



y =-0.0066x + 23.808
R* = 0.9004

15

60
O

10

Impact toughness value, J/em?

8

0 L 1 1 1 1 1
300 800 1300 1800 2300 2800 3300

Graphite nodule count, GN/mm-

Fig.5-16 Impact toughness value of U-notch plotted agalnst
graphite nodule count.
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Fig.5-17 Micro-Vickers hardness value of V-notch plotted
agalnst graphite nodule count.
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Fig.5-18 Relationship between graphite nodule count and impact
toughness for V-notch specimens.
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fhék L(BAS TN 70 75 L)
Sub thermAlanAlys20s()

Dim datel(5000) As Double, date2(5000) As Double,
date3(5000) As Double, date4(5000) As Double

Dim date5(5000) As Double, date6(5000) As Double,
date7(5000) As Double

Dim ok1(5000) As Double, 0k2(5000) As Double, 0k3(5000) As
Double, 0k4(5000) As Double, o0k5(5000) As Double, ok6(5000) As
Double, 0k7(5000) As Double

Dim jk1(5000) As Double, jk2(5000) As Double, jk3(5000) As
Double, jk4(5000) As Double, jk5(5000) As Double, jk6(5000) As
Double, jk7(5000) As Double

Dim sk1(5000) As Double, sk2(5000) As Double, sk3(5000) As
Double, sk4(5000) As Double, sk5(5000) As Double, sk6(5000) As
Double, sk7(5000) As Double

Dim osk1(5000) As Double, 0sk2(5000) As Double, 0sk3(5000)
As Double, 0sk4(5000) As Double, osk5(5000) As Double, osk6(5000)
As Double, osk7(5000) As Double

Dim jsk1(5000) As Double, jsk2(5000) As Double, jsk3(5000)
As Double, jsk4(5000) As Double, jsk5(5000) As Double, jsk6(5000)
As Double, jsk7(5000) As Double

Dim ssk1(5000) As Double, ssk2(5000) As Double, ssk3(5000)
As Double, ssk4(5000) As Double, ssk5(5000) As Double, ssk6(5000)
As Double, ssk7(5000) As Double

Dim hkl As Integer, hk2 As Integer, hk3 As Integer, hk4 As
Integer, hk5 As Integer, hk6 As Integer

Dim a As Double, b As Double, ¢ As Double, d As Double, cl
As Double, ¢c2 As Double

Dim ¢3 As Double, ¢4 As Double, ¢5 As Double, c6 As Double,
¢7 As Double, c41 As Double, c61 As Double

Dim kari As Double

Worksheets("Sheetl").Activate

hkl =10 * Cells(16, 11)
hk2 =10 * Cells(17, 11)
hk3 =10 * Cells(18, 11)
hk4 =10 * Cells(19, 11)
hk5 =10 * Cells(20, 11)
hk6 = 10 * Cells(21, 11)
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For a =1 To hkl
datel(a) = Cells(a + 1, 6)
Next a
kari = 10000
For b =1 To hkl
If kari >= datel(b) Then
kari = datel(b)
End If
Next b
For b =1 To hkl
If kari = datel(b) Then
cl =cl +1
jk1(cl) = Cells(b + 1, 1)
okl(cl) = Cells(b + 1, 2)
skl(cl) = Cells(b + 1, 6)
jsk1l(cl) = Cells(b + 201, 1)
oskl(cl) = Cells(b + 201, 2)
sskl(cl) = Cells(b + 201, 6)
End If
Next b
For a =1 To hk2 - hkl
date2(a) = Cells(a + hk2 + 1, 6)
Next a
kari = -10000
For b =1 To hk2 - hkl
If kari <= date2(b) Then
kari = date2(b)
End If
Next b
For b =1 To hk2 - hkl
If kari = date2(b) Then

c2 =c¢2 +1
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jk2(c2) = Cells(b + hkl + 1, 1)
ok2(c2) = Cells(b + hkl + 1, 2)
sk2(c2) = Cells(b + hkl1 + 1, 6)
jsk2(c2) = Cells(b + hkl1 + 201, 1)
osk2(c2) = Cells(b + hkl + 201, 2)
ssk2(c2) = Cells(b + hkl1 + 201, 6)

End If

Next b

Fora=1 To hk3 - hk2
date3(a) = Cells(a + hk2 + 1, 6)
Next a

kari = 10000
For b =1 To hk3 - hk2
If kari >= date3(b) Then
kari = date3(b)
End If
Next b

For b =1 To hk3 - hk2

If kari = date3(b) Then
c3 =c3 +1
jk3(c3) = Cells(b + hk2 + 1, 1)
ok3(c3) = Cells(b + hk2 + 1, 2)
sk3(c3) = Cells(b + hk2 + 1, 6)
jsk3(c3) = Cells(b + hk2 + 201, 1)
osk3(c3) = Cells(b + hk2 + 201, 2)
ssk3(c3) = Cells(b + hk2 + 201, 6)

End If

Next b

Fora =1 To hk4 - hk3
dated4(a) = Cells(a + hk3 + 1, 6)
Next a

For b =1 To hk4 - hk3
If date4(b ) = 0 Then
c4d =c4 +1

jk4(c4) = Cells(b + hk3 + 1, 1)
ok4(c4) = Cells(b + hk3 + 1, 2)
sk4(c4) = Cells(b + hk3 + 1, 6)
jsk4(c4) = Cells(b + hk3 + 201, 1)
osk4(c4) = Cells(b + hk3 + 201, 2)
ssk4(c4) = Cells(b + hk3 + 201, 6)

End If

Next b

kari = 10000
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For b =1 To c4

If kari > osk4(b) Then

kari osk4(b)
c4dl =b
End If

Next b

For a =1 To hk5 - hk4
date5(a) = Cells(a + hk4 + 1, 6)
Next a
kari = -10000
For b =1 To hk5 - hk4
If kari <= date5(b) Then

kari

date5(b)
End If
Next b
For b =1 To hk5 - hk4
If kari = date5(b) Then
cS=c5+1
jk5(c5) = Cells(b + hk4 + 1, 1)
ok5(c5) = Cells(b + hk4 + 1, 2)
sk5(c5) = Cells(b + hk4 + 1, 6)
jsk5(c5) = Cells(b + hk4 + 201, 1)
osk5(c5) = Cells(b + hk4 + 201, 2)
ssk5(c5) = Cells(b + hk4 + 201, 6)
End If

Next b
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For a =1 To hk5 - hk4
date6(a) = Cells(a + hk4 + 1, 6)
Next a
For b =1 To hk5 - hk4
If date6(b )= 0 Then
c6 =c6 + 1
jk6(c6) = Cells(b + hk4 + 1, 1)
ok6(c6) = Cells(b + hk4 + 1, 2)
sk6(c6) = Cells(b + hk4 + 1, 6)
jsk6(c6) = Cells(b + hk4 + 201, 1)
osk6(c6) = Cells(b + hk4 + 201, 2)
ssk6(c6) = Cells(b + hk4 + 201, 6)
End If
Next b
kari = -10000
For b =1 To c6
If kari < osk6(b) Then

kari = osk6(b)

c6l=D>
End If
Next b

For a =1 To hk6 - hk5

date7(a) = Cells(a + hk5 + 1, 6)
Next a
kari = 10000

For b =1 To hk6 - hk5
If kari >= date7(b) Then
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kari = date7(b)
End If
Next b
For b =1 To hk6 - hk5
If kari = date7(b) Then
c7 =c¢7 +1
jk7(c7) = Cells(b + hk5 + 1, 1)
ok7(c7) = Cells(b + hk5 + 1, 2)
sk7(c7) = Cells(b + hk5 + 1, 6)
jsk7(c7) = Cells(b + hk5 + 201, 1)
osk7(c7) = Cells(b + hk5 + 201, 2)
ssk7(c7) = Cells(b + hk5 + 201, 6)
End If
Next b

With Worksheets("Sheet2")
.Cells(3, 5) = jk1(1)
.Cells(4, 5) = jk2(1)
.Cells(5, 5) = jk3(1)
.Cells(6, 5) = jk4(1)
.Cells(7, 5) = jk5(1)
.Cells(8, 5) = jko6(1)
.Cells(9, 5) = jk7(c7)
.Cells(12, 5) = ok1(1)
.Cells(13, 5) = ok2(1)
.Cells(14, 5) = ok3(1)
.Cells(15, 5) = ok4(1)
.Cells(16, 5) = ok5(1)
.Cells(17, 5) = ok6(1)
.Cells(18, 5) = ok7(c7)
.Cells(21, 5) = sk1(1)
.Cells(22, 5) = sk2(1)
.Cells(23, 5) = sk3(1)
.Cells(24, 5) = sk4(1)
.Cells(25, 5) = sk5(1)
.Cells(26, 5) = sk6(1)
.Cells(27, 5) = sk7(c7)

.Cells(3, 10) = jsk1(1)
.Cells(4, 10) = jsk2(1)
.Cells(5, 10) = jsk3(1)

Cells(6, 10) = jsk4(1)
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.Cells(7, 10)
.Cells(8, 10)

.Cells(9, 10) =

.Cells(12,
.Cells(13,
.Cells(14,
.Cells(15,
.Cells(16,
.Cells(17,
.Cells(18,
.Cells(21,
.Cells(22,
.Cells(23,
.Cells(24,
.Cells(25,
.Cells(26,
.Cells(27,
.Cells(30,
.Cells(31,
.Cells(32,
.Cells(33,
.Cells(34,
.Cells(35,
.Cells(30,
.Cells(31,
.Cells(32,
.Cells(33,
.Cells(34,
.Cells(35,

End With

End Sub

10)
10)
10)
10)
10)
10)
10)
10)
10)
10)
10)
10)
10)

= jsk5(1)

jsk6(1)
isk7(c7)

10) =

5)
5) =
5)
5)
5) =
5) =
10)
10)
10)
10)
10)
10)

osk1(1)
osk2(1)
osk3(1)
osk4 (1)
osk5(1)
osk6(1)
osk7(c7)
ssk1(1)
ssk2(1)
ssk3(1)
ssk4(1)
ssk5(1)
ssk6(1)
ssk7(c7)

= jk4(c41)

ok4(c4l)
sk4(c41)
jk6(c61)
ok6(c61)
sk6(c61)

jskd(c4l)
osk4(c4l)
ssk4(c4l)
jsk6(c61)
osk6(c61)
ssk6(c61)
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